Objectives: The long-term dynamics of antibody responses in patients with influenza A(H7N9) virus infection are not well understood. Methods: We conducted a longitudinal serological follow-up study in patients who were hospitalized with A(H7N9) virus infection, during 2013-2018. A(H7N9) virus-specific antibody responses were assessed by hemagglutination inhibition (HAI) and neutralization (NT) assays. A random intercept model was used to fit a curve to HAI antibody responses over time. HAI antibody responses were compared by clinical severity. Results: Of 67 patients with A(H7N9) virus infection, HAI antibody titers reached 40 on average 11 days after illness onset and peaked at a titer of 290 after three months, and average titers of ≥80 and ≥40 were present until 11 months and 22 months respectively. HAI antibody responses were significantly higher in patients who experienced severe disease, including respiratory failure and acute respiratory distress syndrome, compared with patients who experienced less severe illness. Conclusions: Patients with A(H7N9) virus infection who survived severe disease mounted higher antibody responses that persisted for longer periods compared with those that experienced moderate disease. Studies of convalescent plasma treatment for A(H7N9) patients should consider collection of donor plasma from survivors of severe disease between 1 and 11 months after illness onset.
Introduction
Human infections with avian influenza A(H7N9) virus were first identified in the spring of 2013 in China, 1 causing more human infections than any other avian influenza A virus. 2 As of July 1, 2019, a total of 1568 laboratory-confirmed human cases, including 616 deaths, have been reported to the World Health Organization Although only four human cases of A(H7N9) virus infection were reported since October 2017, and virus detection has declined in poultry, the virus is far from eradication. 10 Notably, A(H7N9) viruses continue to be assessed as representing a moderate to high public health risk, ranking highest among 12 influenza A viruses of animal-origin in the United States Centers for Disease Control and Prevention influenza risk assessment tool. 11 Most laboratory-confirmed cases of A(H7N9) virus infection have been severely ill and have required ICU admission. 1 Early neuraminidase inhibitor treatment appears to shorten the duration of viral shedding and improve outcome of A(H7N9) virus-infected patients. 12 However, the emergence of neuraminidase inhibitor resistance in A(H7N9) and other avian influenza A viruses highlights the need for additional therapeutic options. 13 Convalescent plasma may be a potential treatment for severe influenza, 14 , 15 and was used in the treatment of one A(H7N9) patient who did not respond to oseltamivir treatment. 16 Convalescent plasma or post-vaccination plasma were also used for treatment of A(H5N1) patients. 17 , 18 Beigel and colleagues conducted the first randomized controlled trial of immune plasma in severe seasonal influenza and reported evidence of clinical benefit, primarily limited to participants who were treated within 4 days of illness onset. 15 A larger phase III trial is now ongoing [NCT02572817] .
Although promising, there are several safety concerns and practical challenges to using convalescent plasma, including defining the optimal timing for sera collection after recovery from illness, the case-to-case heterogeneity in antibody titers, and the rapid evolution of influenza viruses. 19 Limited understanding of the specificity, kinetics, and duration of antibody responses in humans infected with A(H7N9) viruses therefore currently impedes the development and evaluation of convalescent plasma therapy. Ma et al. described the dynamics of the antibody response to A(H7N9) virus over a year post illness onset in 25 patients, 20 they also characterized the antibody response to A(H7N9) virus up to 36 months after illness onset in a cross-sectional analysis. 21 However, the longitudinal dynamics of the antibody response beyond one year have not been determined.
We conducted a longitudinal follow-up study in patients hospitalized with A(H7N9) virus infection. Our objectives were to characterize the specificity, kinetics, and duration of the antibody response in patients with A(H7N9) virus infection, to examine the association between antibody response and clinical severity, and to explore the timing for plasma collection for plasma therapy.
Materials and methods

Patient enrollment and sample collection
We recruited and followed patients with reverse transcription polymerase chain reaction (RT-PCR) confirmed influenza A(H7N9) virus infection from six provinces of China (Beijing, Shandong, Zhejiang, Hunan, Jiangxi, and Fujian) from three epidemics (2013, 2013-2014, and 2016-2017 epidemics) , during hospitalization and after discharge. Patients enrolled from the 2016-2017 epidemic were from Jiangxi Province. Demographic information and clinical data during hospitalization were collected using a standardized form. Underlying medical conditions associated with high risk for complications of influenza were defined as reported previously. 22 Patients were classified as having severe illness if they experienced the acute respiratory distress syndrome (ARDS) or required mechanical ventilation.
For patients who were enrolled during hospitalization, we obtained available residual sera that were collected for clinical laboratory testing; these patients were also followed up after discharge to obtain additional samples. In addition, we recruited and followed patients after discharge. Serum samples were collected at enrollment and during follow-up visits, which occurred 3, 6, 12, 18, and 65 months after illness onset. Among these serum samples, fifty-five specimens collected after hospital discharge of patients from the 2013 and 2013-2014 epidemics were tested and reported in a previous study investigating the virus-specific antibody responses and T cell memory in A(H7N9) survivors within the year following illness onset. 23 The study protocol was reviewed and approved by the ethics committee of School of Public Health, Fudan University and the ethics committee of Chinese Center for Disease Control and Prevention. Written informed consent was obtained from all participants.
Serology laboratory testing
The serological assays were performed at the Joint Institute of Virology (Shantou University-The University of Hong Kong). The antigens used were reverse genetically reconstructed viruses, including low pathogenic A(H7N9) virus strains A/Anhui/1/2013 (all genes derived from wild-type virus) and A/Hong Kong/125/2017 (YRD lineage, hemagglutinin and neuraminidase genes from wild-type virus, and six internal genes from A/Puerto Rico/8/1934) and highly pathogenic A(H7N9) virus strain A/Guangdong/17SF003/2016 (YRD lineage, with removal of the multiple basic amino acid motif at the hemagglutinin cleavage site). All three viruses are A(H7N9) candidate vaccine viruses proposed by WHO. 24 Samples from patients from the 2013 and 2013-2014 epidemics were tested against A/Anhui/1/2013 virus, which represented A(H7N9) viruses isolated from humans during these epidemics. 25 A(H7N9) viruses isolated from humans in Jiangxi province in the 2016-2017 epidemic belong to clade C1, 26 and are antigenically similar to A/Hong Kong/125/2017 virus. To test the reactivity of human antiserum induced by A/Hong Kong/125/2017 virus to A/Anhui/1/2013 virus and A/Guangdong/17SF003/2016 virus, samples obtained from patients from the 2016-2017 epidemic were tested against the aforementioned three A(H7N9) virus strains. Hemagglutination inhibition (HAI) assay and neutralization (NT) assay were performed according to standard protocols. 27 Seropositive threshold was defined as an HAI antibody titer of 40, 28 or a neutralizing antibody titer of 20. 29 A non-reactive titer was defined as a value of ≤10. See supplementary data for further details.
Statistical analyses
For the analyses of the kinetics of the antibody responses and association with clinical outcomes, we pooled serological data from patients with RT-PCR-confirmed A(H7N9) virus infection from three epidemics. HAI and neutralizing antibody titers were log 2 transformed before analyses. Comparison of the GMTs between severely ill patients and moderately ill patients was performed with Mann-Whitney U test, clustered by sampling time from illness onset; we also used a linear regression model adjusted for sex, age, and sampling time from illness onset. Previous studies have reported that patients with A(H7N9) virus infection have lower neutralizing antibody titers than HAI antibody titers, and neutralizing antibody titers are lower in A(H7N9) patients compared to A(H5N1) patients. 30 -32 We also observed lower neutralizing antibody titers compared to HAI antibody titers in this study. We used a random intercept linear model with B-spline to analyze the dynamics of HAI antibody responses and neutralizing antibody responses over time in sera of A(H7N9) virus-infected patients. Degree and knots of B-spline were selected based on Akaike information criterion (AIC). A Generalized Estimating Equations (GEE) model used to fit the dynamic curve of antibody titers 
Results
Participants and samples
From April 2013 to September 2018, a total of 67 patients who were hospitalized with laboratory-confirmed A(H7N9) virus infection were enrolled ( Supplementary Fig. 1 ), including fourteen participants from the 2013 epidemic, forty-one from the 2013-2014 epidemic, and twelve from the 2016-2017 epidemic (Supplementary Fig. 2A ). Eighteen patients were enrolled during hospitalization, four of them died in hospital and two were lost to follow-up. Forty-nine patients were recruited and followed only after hospital discharge. Serial visits after discharge were conducted at 1-5 months, 6-8 months, 12-13 months, and 65 months after disease onset for forty-nine patients from the 2013 and 2013-14 epidemics. A single visit was conducted at 16-20 months after illness onset for patients from the 2016-2017 epidemic. Numbers of participants and blood samples at different stages are shown in Fig. 1 . A total of 128 serum samples were collected (Supplementary Fig. 2B ), including one to seven specimens from each patient, and 33 patients provided at least two samples ( Table 1 ) .
Characteristics of study subjects
Demographic and clinical features of enrolled patients during hospitalization are shown in Table 2 . Among these, 72% of the patients were male, and the median age was 53 years old. For those subjects with data available, 46% (27 of 59) had at least one high-risk chronic medical condition. The most common clinical complications included pneumonia (84%), respiratory failure (49%), and ARDS (46%). Forty-one percent of patients required mechanical ventilation. Forty-five percent of the patients required intensive care unit (ICU) admission. The median duration of hospitalization (17), type 1 or 2 diabetes (6), chronic respiratory disease (2), neurological disease (2), chronic liver disease (1), chronic renal disease (1), and anemia (1), these underlying medical conditions are not mutually exclusive.
for all patients was 21 days (IQR, 14 to 31). No major differences in patient characteristics were observed between the three epidemics. Four patients from the 2013 epidemic died during hospitalization.
Specificity of antibody responses to A(H7N9) virus infection
Antigenic properties of A(H7N9) viruses were evaluated by testing antibody responses against homologous A(H7N9) virus (A/Hong Kong/125/2017) and heterologous A(H7N9) viruses (A/Anhui/1/2013 and A/Guangdong/17SF003/2016) in serum samples collected 16-20 months after illness onset from patients from the 2016-2017 epidemic. These sera reacted with A/Anhui/1/2013 virus at lower titers than with A/Hong Kong/125/2017 virus, with HAI or neutralizing antibody titers that were 2-to 8fold lower in 10 of 12 samples tested ( Supplementary Table 1 ), and HAI and neutralizing geometric mean antibody titers (GMTs) were 47% and 50% lower, respectively ( Fig. 2 ) . Convalescent sera of patients from the 2016-2017 epidemic were non-reactive to the A/Guangdong/17SF003/2016 virus ( Fig. 2 and Supplementary  Table 1 ).
Antibody response dynamics during hospitalization and after recovery in A(H7N9) patients
For 18 patients with serum samples collected during hospitalization, 13 (72%) developed an HAI antibody titer ≥40 during hospitalization at a median of 12 days (range 5-36 days) after illness onset; 3 (17%) patients who did not have HAI antibody titer ≥40 during hospitalization developed HAI antibody titers ≥40 after discharge, at a median of 221 days (range 126-227 days) after illness onset; and HAI antibody titers for 2 (11%) patients remained ≤10, even after discharge (on day 20 in one patient, and on days 31, 112 and 180 in another patient) ( Fig. 3 (A) ). A 4-fold or greater rise in HAI antibody titer was noted in seven of nine patients with paired serum samples collected during hospitalization, which occurred between a median of 5 days after illness onset for the initial specimen (range 1-13 days) and a median of 29 days (range 15 to 55 days) after illness onset for the 2nd specimen. Serum specimens collected from 4 critically ill patients with fatal outcomes had HAI antibody titers ≥40 on days 10-12 after illness onset. HAI antibody titers and neutralizing antibody titers during hospitalization and after recovery were lower in 4 moderately ill patients not treated with oseltamivir compared with 53 patients who received oseltamivir treatment, including 28 who were severely ill ( Supplementary Fig. 3 ).
After illness onset, HAI GMTs reached ≥40 within 9-20 days, peaked at 21-30 days with a GMT of 452.5, and persisted above 40 until 16-20 months ( Fig. 3 (B) ). In contrast, increases of neutralizing antibody titers were delayed ( Fig. 3 (C) and 3 (D) ). Applying a cutoff value of 40, the proportion of seropositive with HAI antibodies was 58% (95% CI: 25.6-91.1) at 9-20 days after illness onset, and was greater than 89% thereafter until one year after illness onset ( Supplementary Fig. 4A ). Neutralizing antibodies were undetectable until a month after illness onset, and applying a cutoff value of 20, the seropositive rate increased from 40% (95% CI: 12-74) at 21-60 days to 83% (95% CI: 52-98) at 16-20 months after illness onset ( Supplementary Fig. 4B ). HAI antibody titers correlated with neutralizing antibody titers (rho = 0.56, p < 0.01, indicating a moderately positive correlation) (Supplementary Fig. 5A ). The correlation coefficient of HAI antibody titers and neutralizing antibody titers for A/Anhui/1/2013 (rho = 0.64, moderately positive correlation) was lower than observed for A/Hong Kong/125/2017 (rho = 0.93, strongly positive correlation) ( Supplementary Figs. 5B and 5C ). HAI antibody titers correlated According to our model, the mean HAI antibody level reached a titer of 40 on day 11 and 80 on day 27 after illness onset ( Fig. 4 (A) ), peaked after three months at a GMT of 290 ( Fig. 4 (B) ), and then declined to a titer of 80 (month 11) and 40 (month 22) ( Fig. 4 (A) and (C)). Neutralizing antibody titers increased slower than HAI antibody titers, reached a small peak on day 103 at a GMT of 17, decreased slightly, and then continued to increase until 35 months after illness onset, while HAI antibody titers decreased throughout this period ( Supplementary Fig. 6 ).
Association between clinical outcomes and antibody responses
From 9 days to 20 months after illness onset, HAI antibody titers in severely ill patients who progressed to ARDS or required mechanical ventilation were significantly higher in unadjusted analyses ( Fig. 5 ) , and in the model adjusted for sex, age, and time of sampling from illness onset ( p = 0.007). Association between other factors and clinical outcome were also analyzed. Age older than 65 years and corticosteroid treatment were significantly associated with severe illness in the univariate analyses, while only corticosteroid treatment was associated with severe illness in multivariable analyses (Supplementary Table 2 ).
Discussion
In this study, patients hospitalized with virologically-confirmed A(H7N9) virus infections during the 2013, 2013-2014, and 2016-2017 epidemics mounted strong serum HAI antibody responses against A(H7N9) virus during hospitalization and after recovery. We estimated that mean A(H7N9) virus-specific HAI antibody titers peaked three months after illness onset and remained above 80 for 11 months. Severely ill patients mounted higher antibody responses during hospitalization that persisted for a long period after recovery. Therefore, studies of convalescent plasma treatment for A(H7N9) patients should consider collection of donor plasma from survivors of severe disease between 1 and 11 months after illness onset.
The kinetics of A(H7N9) virus-specific HAI antibody responses during hospitalization in these patients were similar to those described in other studies of A(H7N9) patients. 33 , 34 In this cohort, most patients who provided blood samples in hospital had HAI antibody titers ≥40 during hospitalization. In the study by Ma et al., 2 of 25 patients did not have an HAI antibody titer ≥40 during hospitalization or after recovery. 20 Therefore, most, but not all patients with A(H7N9) virus infection who survive severe disease are able to mount detectable HAI antibody levels. The differences in peak time of HAI antibody titers between analyses of GMTs and model analysis might be due to inadequate sampling. The contacts of these virologically-confirmed cases were not investigated by serology in this study. No patient had serologic evidence of A(H7N9) virus re-infection after recovery. Epidemiological investigations of patients who survived A(H7N9) virus infections across five epidemics by our group also found no reoccurrence of A(H7N9) related-illness 1 ; re-infection of A(H7N9) virus has not been reported in other longitudinal sero-epidemiology studies. 35 , 36 Our analysis estimated that mean HAI antibody titers remained ≥40 until 22 months after illness onset. Ma et al. reported that HAI GMTs declined to lower than 40 at 10 months after illness onset. 20 However, they used a 2013 human A(H7N9) virus isolate to test serum samples from patients from the 2016-2017 epidemic, which might result in an underestimate of antibody titers. In another cross-sectional study, Ma et al. reported that HAI GMT was near 40 at about 26 months after illness onset, which was similar to our findings. 21 For the pooled analyses of antibody kinetics, data for antigens that were antigenically-matched to circulating strains are preferred. However, there might be antigen-specific differences in HAI titers, which could affect the results. We adopted two statistical approaches to investigate this question: (1) we evaluated the main effect and interactive effect of each antigen in the model and found that the effects were not statistically significant; (2) we constructed the model with the HAI results for A/Anhui/1/2013 virus only, with the same formula and knots as the model for pooled analysis ( Supplementary Fig. 7 ). Before 7 months after illness onset, the trend of the average curve of the A/Anhui/1/2013 virusonly model was similar to that of the model with pooled results, and subsequently the former curve decreased slower than the later one. However, due to the lack of sera available between 14 months and 65 months after illness onset for testing in the A/Anhui/1/2013 virus-only model, we viewed the model with pooled data to be more reliable. We did not find that antigen-specific differences in HAI responses affected the model significantly, but this could be due to small sample size and additional investigations are needed when more data are available for the different antigens.
In our study, the small number of cases with fatal outcomes precluded statistical comparisons of antibody titers of fatal cases vs. nonfatal cases. For A(H7N9) virus-specific antibody responses in patients during hospitalization, Zhang et al. reported that neutralizing antibody titers increased faster in survivors than in fatal cases 34 ; however, no statistically significant difference between antibody titers for fatal vs. nonfatal cases was found in another patient cohort. 37 For A(H7N9) virus-specific antibody responses after discharge in survivors, Ma et al. found no association between disease severity and antibody response in one study, 20 while reported that severe disease was associated with higher HAI titer after discharge in another study. 21 Antibody responses to A(H5N1) virus infection after recovery have been reported to be lower in patients with asymptomatic infection than in those with severe illness. 30 Previous studies in A(H7N9) virus infected patients indicate that effective cross-reactive T cell memory is important for protection against severe influenza disease caused by newly emerging influenza A viruses. [38] [39] [40] Therefore, lack of sufficient T cell response might result in prolonged viral replication and cytokine dysregulation, more severe disease and higher antibody responses in most patients.
HPAI A(H7N9) viruses are antigenically distinct from other LPAI A(H7N9) viruses, including A/Hunan/2650/2016 and A/Anhui/1/2013, as determined by using post-infection ferret antisera. 7 Lu et al. reported that sera collected 2-3 weeks after illness onset from patients with LPAI A(H7N9) clade C1 virus infection reacted with HPAI A(H7N9) human isolates, although at lower titers than those against homologous virus. 26 Since we lacked virological data to identify the specific virus strains infecting the patients, we tested serum samples from patients from the 2016-2017 epidemic against three distinct A(H7N9) virus strains. Those patients with positive serological responses were likely infected by LPAI A(H7N9) viruses. Convalescent sera from these patients collected at 16-20 months after illness did not react with Development of neutralizing antibody responses was delayed compared to HAI antibody responses, and neutralizing antibody titers continue to increase for longer periods after recovery. Zhang et al. reported increase of neutralizing antibody response within 2 weeks from illness onset by using a pseudovirus-based neutralization assay. 34 However, results of pseudovirus-based neutralization assay might not correlate well with results of an authentic virus-based neutralization test. 41 In the study by Guo et al., no neutralizing antibodies were detected in samples collected before day 28 after illness onset, which is consistent with our findings. 31 Ma et al. also observed delayed neutralizing antibody response after infection, with GMTs increasing overtime, peaking on day 200. 20 We observed discordance in H7N9 virus HAI and neutralizing antibody responses with the HAI antibody response decreasing after a peak at 3 months while the neutralizing antibody response increased long after clinical recovery. The correlation of HAI and neutralizing antibody responses varied by A(H7N9) virus antigen, with greater correlation for the more recent A/Hong Kong/125/2017 virus compared with the older antigenically distinct A/Anhui/1/2013 virus. A(H7N9) vaccines induce comparable levels of HA-reactive IgG antibody as seasonal influenza vaccines in mice, but neutralizing titers are low, suggesting a large component of the induced antibody response is non-neutralizing 42 ; this phenomenon might be attributed to the internal genes of A(H7N9) virus. 32 Nevertheless, both neutralizing and non-neutralizing antibodies induced by A(H7N9) vaccination of humans protected mice in vivo against a stringent lethal challenge. 43 Therefore, neutralizing antibody titers may underestimate the protective effect of antibody responses following A(H7N9) virus infection. Convalescent plasma therapy has shown promise for the treatment of a variety of emerging infectious diseases, 44 including 1918 H1N1 pandemic influenza, 14 influenza A(H5N1), 17 , 18 influenza A(H1N1)pdm09, 45 and severe acute respiratory syndrome (SARS). 46 Timely treatment of patients with severe A(H1N1)pdm09 illness with hyperimmune IV immunoglobulin (H-IVIG) reduced mortality. 47 The time-to-treatment effect requires timely availability of virus specific convalescent plasma with high antibody titers. It has been shown that implementation of a passive-immunotherapy program is logistically feasible during an influenza pandemic. 48 Kreil et al. demonstrated the feasibility of producing H-IVIG preparation at large scale relatively rapidly, which could be further improved by reducing low-titer donations. 49 , 50 To be used for convalescent plasma transfusion or H-IVIG production, a HAI antibody titer of ≥80 in donor plasma is needed, 15 and a dose of 0.5 g/kg would be needed for H-IVIG treatment. 49 Up to three plasmapheresis donations with donation of 500 ml plasma each time could produce enough plasma for the treatment of two to three patients. 15 , 51 The median duration of A(H7N9) viral shedding was 15.5 days from illness onset, 52 and nonfatal A(H7N9) patients recovered at a median of 26 days, 53 which indicates that convalescent plasma could be collected a month after illness onset. Collecting blood from survivors of severe illness from A(H7N9) virus infection at 1 to 11 months after illness onset should yield convalescent plasma with HAI antibody titer above 80, suitable for convalescent plasma therapy and H-IVIG production. Among the patients enrolled in this study, 64% (18/28) of the severely ill survivors were aged 18-65 years old, making them suitable potential blood donors for plasma therapy. 54 Another potential source of convalescent plasma is from participants in clinical trials of A(H7N9) vaccines. 55 However, since A(H7N9) viruses continue to evolve into antigenically distinct strains, regardless of the source of the plasma, it will be important to determine the levels of cross-reactive antibodies in the convalescent plasma against a patient's virus infection to understand whether treatment is likely to be beneficial. Furthermore, administration of convalescent plasma treatment for patients with A(H7N9) virus infection should ideally be done through a controlled clinical trial.
Our study had several limitations. First, all participants had symptomatic disease requiring hospitalization. The magnitude and kinetics of the antibody responses in patients with milder illness or asymptomatic infections might be different. Second, clinical data were not available for all patients during their hospitalization, which might impact some analyses. Third, we were not able to collect serial serum specimens from patients during hospitalization and were limited to testing remaining available sera. Survivors were not all followed up at the same designated time points. Fourth, we did not have respiratory specimens to characterize the A(H7N9) viruses that infected the patients, or to determine viral load, duration of shedding and associations with disease severity and antibody responses. Finally, the A(H7N9) patients followed up in this study may not be representative of all survivors of A(H7N9) virus infection in China; however, we included patients from 6 provinces and from 3 epidemics since 2013.
In conclusion, we have established the largest cohort of A(H7N9) survivors to date, followed them for up to 5 years and determined the specificity, kinetics and longevity of A(H7N9) virus-specific antibodies. If convalescent plasma treatment is pursued in clinical trials, our findings indicate that plasma could be prepared from blood from survivors of severe disease with homologous A(H7N9) virus strain-specific infection collected approximately 1-11 months after illness onset. 
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